A hisT mutant of Salmonella typhimurium was found to have altered regulation of the isoleucine-valine and leucine enzymes. These enzymes in the hisT strain were derepressed two-to eightfold over those of the parent wild-type strain when grown in minimal medium or under repressing conditions. The amount of tRNAI*U and the cellular concentration of charged tRNALSU was about the same in the hisT strain and in the wild type. However, leucyl-tRNA from the mutant was chromatographically different from that of wild type, confirming previous reports that hisT strains have altered tRNALeu. These results suggest strongly that tRNALeU is involved in repression of the isoleucine-valine and leucine enzymes in S. typhimurium.
Previous reports have suggested that transfer ribonucleic acid (tRNA) is involved in repression in numerous amino acid biosynthetic pathways in bacteria (9) . However, direct evidence for this has been reported only for the histidine operon in Salmonella typhimurium. In this system, four groups of mutants derepressed for the histidine enzymes have been shown to have changes in tRNAHI8 (8) . One of these classes of mutants, hisT, has recently been found to have an alteration in a tRNA modifying enzyme (23) . Lesions in the hisT locus prevent the conversion of two uridine residues to pseudouridine in the anticodon region of tRNAH'-In addition, hisT strains were found to be resistant to a number of amino acid analogues and to have an altered elution profile for leucyl-and tyrosyl-tRNA (23) . Further work showed that at least one species of tRNALeU from the hisT mutant lacked two pseudouridines in the anticodon region (2) . These workers cited unpublished results indicating that hisT mutants were defective in the regulation of the leucine operon.
We report here that hisT mutants are partially derepressed for the isoleucine-valine and leucine enzymes when these strains are grown in minimal medium or under repressing conditions. In addition, all of the isoacceptor species of tRNALeU are charged in vivo to about the same extent in the hisT strain and in wild type. These data strongly indicate that tRNALeU is involved in repression of the isoleucine-valine and leucine biosynthetic enzymes in S. typhimurium.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The organisms used in this study were S. typhimurium strain LT-2 (wild type) and strain hisT1504, a mutant derived from the wild type kindly supplied by R. Goldberger.
Except where otherwise noted, the bacteria were grown in a 0.4% glucose-minimal medium (11) in Erlenmeyer flasks at 37 C in a New Brunswick water-bath gyratory shaker. Growth was measured in a Klett-Summerson colorimeter with a blue no. 42 filter.
Enzyme methods. The preparation of the crude extracts used to measure the isoleucine-valine enzymes was the same as described previously (26) except that a Branson 20-kc ultrasonic oscillator was employed. To insure that enzyme measurements were taken from exponentially grown cells, bacteria were grown overnight in limiting glucose (0.075%).
The follQwing morning 0.4% glucose was added and the cells were harvested after at least one and one-half doublings. Dihydroxy acid dehydrase (12) Crude aminoacyl-tRNA synthetase was isolated from S. typhimurium LT-2 by the method of Roe et al. (21) except for the following modification. The cells were broken by sonic oscillation as described in the section on tRNA isolation, rather than homogenizing with glass beads. The aminoacyl-tRNA synthe-RIZZINO, BRESALIER, AND FREUNDLICH tase prepared in this manner was used to measure aminoacyl-tRNA acceptor activity as described previously (27) .
Isolation of tRNA. Cells were grown to a turbidity of 150 to 175 Klett-Summerson colorimeter units (4.6
x 108 bacteria per ml), chilled rapidly, and centrifuged at 10,000 x g at 0 C. The pellet was resuspended in 0.1 M sodium acetate (pH 5.0) containing 0.3 M LiCl and centrifuged at 10,000 x g at 0 C. The pellet was resuspended in the previously described buffer and disrupted by sonic oscillation (27) . An equal volume of distilled phenol was immediately added to the broken cells, and this mixture was shaken for 30 min at room temperature. After centrifugation at 25 ,000 x g for 20 min at 0 C the aqueous phase was collected and mixed with 2.5 volumes of ice-cold ethanol. After 60 min at -15 C the precipitate was collected by centrifugation at 10,000 x g at 0 C. In those cases where the tRNA was not subjected to periodate oxidation or put on a reversed-phase column it was dissolved in 0.1 M tris(hydroxymethyl)aminomethane (Tris) buffer (pH 8.6) and kept at 37 C for 2 h to remove (strip) amino acids.
To compare the amount of tRNALeU between hisT and wild-type strains, a correction for the purity of each tRNA preparation was necessary. The measured values were normalized in a manner similar to that of Brenner and Ames (8) . This was done by comparing the amino acid acceptance activity of tRNALeU to that of tRNAVaI and tRNALYS in hisT and wild-type strains.
Periodate oxidation of tRNA. When the in vivo levels of charging of tRNA was measured, the isolated tRNA was not stripped as described above but dissolved in 0.1 M sodium acetate (pH 5.0) at a concentration of 60 optical density units per ml. This was divided into two portions. To one portion was added 0.1 volumes of 40 mM sodium periodate while the control received 0.1 volumes of distilled water. The tubes were incubated in the dark at room temperature for 30 min. (If the tRNA was to be fractionated by reversed-phase chromatography it was subjected to periodate oxidation for 60 min.) After incubation, the periodate was destroyed by adding excess glucose and incubating for 5 min. The samples were mixed with 2.5 volumes of ice-cold ethanol and allowed to stand for 90 min at -15 C. The precipitate was collected by centrifugation at 10,000 x g at 0 C and stripped of amino acids as described above. The samples were then dialyzed against distilled water at 4 C for 12-16 h. The percentage of tRNA that existed in the charged form in vivo was then measured as described previously (27) .
Reversed phase chromatography. Leucyl-tRNA was fractionated by the reversed phase system (RPC-5) described by Kelmers and Heatherly (18) . A linear gradient of 150 ml of 0.45 M to 0.85 M NaCl containing 0.01 M MgCl2 and 0.01 M NaC2H,QO (pH 4.2) was used, and fractions of 1.1 ml were collected. The gradient was run at 23 C under a pressure of 270 to 300 lb/in2 (approximately 121 to 136 kg). The fractions were added to 10 ml of Aquasol (New England Nuclear Corp.), and radioactivity was determined in a Packard scintillation counter. It should be noted that, although we refer to each of the components of leucine tRNA acceptor activity as isoacceptor species, we have not shown this correspondence in this paper.
Chemicals. The following radioactive amino acids were purchased from New England Nuclear Corp., Boston 
RESULTS
Effect of branched-chain amino acid analogues on growth. The initial indication that hisT strains might be altered for regulatory systems other than histidine was in a report by Brenner and Ames (7) . These workers cited unpublished experiments in which the growth of hisT strains were found to be resistant to a number of tyrosine, lysine, and leucine analogues. As shown in Fig. 1 , the growth of strain hisT1504 was essentially unaltered by the addition of a number of leucine analogues to minimal medium. In contrast, these compounds severely inhibited the growth of wild type. The ability of a bacterial strain to grow in the presence of an amino acid analogue has been correlated in a number of cases, with a loss of regulation of the particular amino acid biosynthetic pathway (10, 22, 26) . In this regard strain hisT1504 appeared to have altered regulation of the synthesis of leucine since it excreted leucine into the medium (data not shown) as measured by auxanographic tests (10) . This strain also excreted isoleucine and valine. Wild-type S. typhimurium did not excrete detectable amounts of the branched-chain amino acids during the period of testing. Although otrain hisT1504 excretes isoleucine and valine, it is not resistant to growth inhibition by a number of isoleucine and valine analogues including aamino-DL-butyric acid (13), a-amino-O-chloro-DL-butyric acid (27) , DL-cyclopentane-glycine (20) , and fl-chloro-L-alanine (3) (data not shown).
Derepressed levels of the isoleucine-valine and leucine enzymes in strain hisTI504. The specific activities of all of the isoleucine-valine enzymes and one of the leucine enzymes were determined for hisT and wild type strains grown in minimal medium. These enzymes were elevated two-to threefold in strain hisTl504 (Table 1) . A greater contrast in these enzymes between the hisT and wild type strains was found when the bacteria were grown in minimal medium supplemented with the branchedchain amino acids. Under these conditions the hisT strain was about four-to sevenfold derepressed (Table 1) . Growth in the presence of isoleucine, valine, and leucine had little or no effect on repression of the isoleucine-valine enzymes in the hisT strain, but these conditions reduced these enzymes about threefold in wild type. When isoleucine or valine was added singly, little effect on enzyme levels was seen in the mutant or wild type strains (Table 2) . However, the addition of leucine reduced the specific activities of the isoleucine-valine and leucine enzymes in strain hisT1504 to a greater extent than all three branched-chain amino acids ( Table 2 ). Threonine deaminase was most affected by added leucine; its activity was reduced by about 50%. This effect by leucine on threonine deaminase was not seen in wild type. Further reduction in enzyme levels could be obtained if the cells were grown in rich media (Table 1) . However, enzyme levels in hisT were always two-to eightfold higher than in wild type grown under the same conditions.
Leucyl-tRNA in a hisT mutant and in wild type. It has been reported that tRNALeu in hisT strains differs from that found in wild type S. typhimurium (2, 23) . We examined this by comparing the pattern of leucyl-tRNA activity from wild type and hisT using reversed-phase chromatography system 5 (18) . Each of the components of leucyl-tRNA in the hisT strain, except component four, appears to be eluted at a slightly higher salt concentration than leucyltRNA from wild type (Fig. 2) . In addition, the accepting activity of tRNALeU from the hisT strain was slightly higher than from wild type. This difference was also apparent when the charging of bulk tRNALeU was examined. The charging of tRNALeu from the hisT strain was about 20% higher than in wild type (Table 3) .
In vivo level of charging of tRNALeU. A good correlation has been found between decreased levels of charged tRNALeu and derepression of the isoleucine-valine and leucine enzymes (14) . The hisT strain does not appear to be derepressed for this reason since the amount of aminoacylation of bulk tRNALeU is very similar in the hisT mutant and wild type (Table 4) . To investigate this further we measured the in vivo charging of the individual species of tRNALeu by reversed-phase chromatography (18) . These data are somewhat difficult to interpret since periodate oxidation modifies several tRNALeU isoaccepting species (A. A. Rizzino and M. Freundlich, manuscript in preparation) (Fig. 3) . It does appear, however, that all of the species of leucine acceptor activity except component 3 are charged at least to the level of bulk tRNALeu. Component 4 shows an increase in acceptor activity after periodate oxidation. This may be a reflection of a change in the elution of a part of component 3 which may have been altered by periodate oxidation.
DISCUSSION
Previous work from this and other laboratories was suggestive of a role for tRNALeu in repression of the isoleucine-valine and leucine biosynthetic enzymes in S. typhimurium (1, 10, 14) . These studies used leucyl-tRNA synthetase mutants or leucine analogues to investigate the possible participation of tRNALeU in repression. VOL. 117, 1974 "Abbreviations: Min, minimal medium; IVL, L-isoleucine (50 ,g/ml), L-valine (100 ug/ml), L-leucine (50 #g/ml); Nutrient, 1% nutrient broth (Difco); Yeast ext., 1% yeast extract (Difco). The cells were grown overnight in minimal medium with glucose limitation as described in Materials and Methods. Yeast extract and nutrient broth were added in the morning and the cells were grown for three to four doublings. The other cultures were grown as described in Materials and Methods. c fB-Isopropylmalate dehydrogenase, the leucine enzyme examined in this study. The data in the present paper offer more direct evidence that tRNALeU is involved in these regulatory systems. It has been established by B. N. Ames and his collaborators (23) that hisT mutants in S. typhimurium contain a mutation in an enzyme that converts two uridine residues to pseudouridine in the anticodon region of histidine tRNA. This mutation, in addition to allowing constitutive synthesis of the histidine biosynthetic enzymes, permits growth in the a The specific activity of each amino acid charged was the same for tRNA extracted from wild type and the hisT strain. The data are expressed in counts per minute. In each experiment the tRNA was charged to completion as described in Materials and Methods. ' The relative purity of the tRNA preparation was determined by dividing the counts per minute obtained with valine and lysine for tRNA from the hisT strain by the amount of CPM found for tRNA from wild type.
c The relative amount of leucine tRNA in hisT was determined by the following formula: hisT leucine counts per minute/(wild-type leucine counts per minute x relative purity of hisT tRNA). amino acids. It has also been reported that hisT mutants exhibit alterations in some species of tRNALeu (2, 23) . Our results clearly show that strain hisT1504 is derepressed for the isoleucine-valine and leucine biosynthetic enzymes. These enzymes were two-to eightfold higher in the hisT mutant as compared to wild type grown under various conditions. In addition, little or no repression of these enzymes was found when the hisT strain was grown with excess branched-chain amino acids. Excretion of isoleucine, valine, and leucine by the hisT mutant, and not by wild type, is a further indication that this mutant is altered in the regulation of these amino acids. In addition to these data on repression we have shown that five of the six species of leucyl-tRNA of the hisT strain were eluted at a slightly higher salt concentration than those from wild type. These data indicate that these species of tRNALeU in strain hisT1504 are altered. Taken together with the previous reports on changes in tRNALeU from hisT strains (2, 23) , these data show that tRNALeu in hisT mutants differs from wild type. However, these differences do not seem to reduce the ability of bulk tRNALeu from strain hisT1504 to be charged by leucine. On the contrary, tRNA isolated from this mutant had about 20% greater leucine acceptance activity than tRNA isolated from wild type. We have further shown that the in vivo level of charging of bulk tRNALeU does not appear to be altered in strain hisT1504. Separation of leucyl-tRNA by reversed-phase chromatography indicated that all but one of the species of leucine acceptor activity was highly charged in vivo. Because of alterations in leucyl-tRNA caused by periodate oxidation (A. A. Rizzino and M. Freundlich, manuscript in preparation), it was not possible to tell if this one component of activity was more deacylated in hisT than in wild type.
It appears that hisT strains have altered species of tRNALeu which are functional in charging and in protein synthesis but are defective in repression. These same characteristics have been shown in hisT strains for tRNA His (8) . Although a direct cause and effect relationship has not been established in hisT mutants between the alterations in tRNALeU and derepres-10,000. cells growing in minimal medium had essentially no effect on repression of the isoleucine-valine enzymes. However, leucine but not isoleucine or valine did reduce the level of threonine deaminase and dihydroxy acid dehydrase in the hisT strain. These data suggest that a compound that binds leucine, and is changed in hisT mutants, i.e., tRNALSU, is responsible for the altered repression characteristics of these enzymes.
A number of models have been proposed for the control of the synthesis of the enzymes which form the branched-chain amino acids (10, 14, 16 ). These models have suggested the participation of leucine tRNA in these repression systems. The present findings strongly indicate that, whatever the complete mechanism, at the very least it involves one or more species of leucine tRNA.
While preparing this report for publication, we were advised of similar data found in hisT strains by R. Cortese 
